Rochester Institute of Technology

RIT Scholar Works
Theses
8-2021

Investigating Expansion and Extinction in the Planetary Nebula
NGC 7027 with HST
Paula M. Moraga Baez
pm3822@rit.edu

Follow this and additional works at: https://scholarworks.rit.edu/theses

Recommended Citation
Moraga Baez, Paula M., "Investigating Expansion and Extinction in the Planetary Nebula NGC 7027 with
HST" (2021). Thesis. Rochester Institute of Technology. Accessed from

This Thesis is brought to you for free and open access by RIT Scholar Works. It has been accepted for inclusion in
Theses by an authorized administrator of RIT Scholar Works. For more information, please contact
ritscholarworks@rit.edu.

Investigating Expansion and
Extinction in the Planetary Nebula
NGC 7027 with HST
By
Paula M. Moraga Baez
A thesis submitted in partial fulfillment of the requirements
for the degree of M.S. in Astrophysical Sciences and
Technology, in the College of Science, Rochester Institute
of Technology.

August, 2021

Approved by

Dr. Andrew Robinson

Date

Director, Astrophysical Sciences and Technology

Approval Committee: Joel Kastner, Michael Lam, Jason Nordhaus

ASTROPHYSICAL SCIENCES AND TECHNOLOGY
COLLEGE OF SCIENCE
ROCHESTER INSTITUTE OF TECHNOLOGY
ROCHESTER, NEW YORK

CERTIFICATE OF APPROVAL

M.S. DEGREE THESIS
The M.S. Degree Thesis of Paula M. Moraga Baez has been examined and approved by the thesis committee as satisfactory for the
thesis requirement for the M.S. degree in Astrophysical Sciences and
Technology.

Dr. Michael Lam, Committee Member

Dr. Jason Nordhaus, Committee Member

Dr. Joel Kastner, Thesis Advisor

Date

Acknowledgements

I would like to thank my advisor, Joel Kastner, for his support and guidance as well as our
collaborators whom I continue to learn from, Rudy Montez, Jesse Bublitz, and Bruce Balick.
And I would like to thank my family and friends for their words of encouragement throughout
this process.

i

ii

Abstract

Planetary nebulae are a late stage of the evolution of intermediate-mass (∼ 1−8 M ) stars.
A planetary nebula is formed after an asymptotic giant branch star’s ejected mass becomes
ionized by the stellar core, which is on its way to becoming a white dwarf. The shaping of
planetary nebulae is slowly unveiled through studies of young and evolving nebulae such as
NGC 7027. I have conducted an extensive analysis of the first-ever suite of contemporaneous
panchromatic Hubble Space Telescope Wide Field Camera 3 (HST/WFC3) images of NGC
7027, extending from near-UV to near-IR. Extinction correction is performed successfully on
several HST/WFC3 images, facilitating analysis of the spatial distribution of H recombination
and forbidden emission lines within the nebula. The resulting extinction-corrected line ratio
images and line ratio diagnostic, as well as an analysis of forbidden emission lines, are used are
used to distinguish between photoionization and shock-ionized regions and to place constraints
on the gas densities in the shocked regions. This analysis revealed regions dominated by shocks
in the NW and SE lobes of NGC 7027. All of these results provide insight on the strength of
NGC 7027’s outflows, confirming previous assertions that NGC 7027 is among the youngest
and most rapidly evolving PNe.
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1
1.1

Introduction
Formation of Planetary Nebulae
Planetary nebulae (PNe) are a late stage of stellar evolution that occurs once an interme-

diate mass star ( 0.8-8 M ) has evolved off of the asymptotic giant branch (AGB; for a recent
review of AGB evolution see Höfner & Olofsson 2018). As an AGB star evolves, it expands
to a radius large enough that the star’s core no longer has a strong gravitational pull on its
outer layers. This causes the star to shed its outer layers, with a typical mass loss rate of
10−7 − 10−5 M yr−1 , leaving behind a hot core. The remaining core produces a slow stellar
wind through radiation pressure. A final fast stellar wind is produced at the end of a star’s
AGB phase, leaving behind a hot dense core and producing a uniquely shaped PN.
Once the (now post-AGB) star has reached an effective temperature of >30 kK, the system
is analogous to an O star producing stellar wind. An O star produces winds with speeds > 1000
km s−1 that cause shocks in the surrounding interstellar medium (ISM). Similarly, as a star
transitions out of the AGB, its core produces stellar winds that increase in speed as the star’s
large-scale pulsations cease, its radius decreases but luminosity remains high. New ionization
fronts are formed as the new, faster stellar wind catches up with older ones, producing shocked
stellar winds and reverse shocks (see Balick & Frank 2002 and references therein).
When an AGB star finds itself in a binary system and accretion is occurring and is interacting with a main-sequence or post-MS (e.g., white dwarf) companion, collimated jets or
outflows are likely to occur (De Marco & Izzard, 2017). Collimated jets are fast mass loss
outflows that are theorized to be the cause of bipolar or asymmetric geometry in multiple
observed PNe. These outflows occur when a mass shell is ejected in the span of a few years
or sometimes even months (Akashi & Soker, 2013). Collimated outflows can be driven by a
compact companion that is accreting mass lost by the AGB primary. Dense clumps form at
the edges of these jets as less dense, high speed regions collide with ejected AGB mass or
ISM material (Balick et al., 2019; Balick et al., 2018). This process produces strong shocks,
similar to what was previously discussed. As the strong shocks advance through the AGB
ejecta, reverse shocks are produced, causing instabilities in these dense clumps allowing for
1. Introduction
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high temperatures to be reached in the middle regions of the jets. This process can cause
forbidden line emission in these dense regions; a detailed discussion of these emissions will
follow in future sections.

1.2

The Planetary Nebula NGC 7027
PN ionization and shaping processes can be better understood via the study of the most

recently formed, and hence most rapidly evolving, PNe. One such PN, NGC 7027, is the
subject of this study. NGC 7027 is a young, evolving PN, discovered in 1878 by Edouard
Jean-Marie Stephan, located at a distance of 0.89 kpc with a ∼ 200 kK proto-white dwarf
(pWD) located at its center and an estimated age of ∼ 600 yrs (O’Meara, 2007; Latter et al.,
2000; Masson, 1989). This nebula has a unique structure including a waist pinched by a dusty
belt, a bright, elliptical inner region as well as axisymmetric and point-symmetric jets (see Fig.
1b). Ring-like structures have also been observed surrounding NGC 7027. The sheer amount
of emission lines visible in its spectra have made this nebula into an “industry standard” with
which to test instruments that are meant to observe a wide range of wavelengths, from radio
to X-ray (Zhang et al., 2005).
The shape of the ionized gas and H2 molecular envelope have been studied by analyzing
velocity channel maps of near-IR emissions (Cox et al., 2002). This analysis provided clearer
understanding of the geometry and orientation of point symmetric outflows present in NGC
7027, and presented evidence for what is believed to be the youngest outflow of the nebula (see
outflow 1 in Fig. 1a). Upon observing diffuse X-ray emission of NGC 7027, Montez & Kastner
(2018) found an anticorrelation between the nebula’s extinction map and X-ray emission,
confirming the location of its most recent outflow. The analysis ruled out the possibility of
a single strong shock being the source of the X-ray emission. Instead, the X-ray emission
is believed to be the result of collimated jets or an undetected fast wind. In the case of an
undetected fast wind, soft X-ray photons could become absorbed as they pass through the
nebular cloud, meaning that the plasma would appear to be higher in energy, and hotter, than
it actually is.
2
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1.2. The Planetary Nebula NGC 7027

(a) Three outflow axes identified and outlined in
Cox et al. (2002). Grayscale image of H2 (2.12
µm) emission.

(b) Color composite of data taken in three NICMOS filters, consisting of 2.12 µm emission (red),
2.16 µm continuum (green), and 1.1 µm continuum (blue) (Latter et al., 2000).

Figure 1: Previous images of NGC 7027. These images provide a visual for the description of
NGC 7027’s unique shape in §1.2.

In a recent study carried out by Guerrero et al. (2020), the ring-like features observed
around NGC 7027 were determined to have a wave-like pattern rather than the pattern of
neat, undisturbed rings. With the aid of hydrodynamical simulations and other observational
examples, it was concluded that these patterns could have occurred as collimated jets broke
through dusty spirals, pointing to the possibility that NGC 7027 is the remnant of carbon
star. This interpretation is supported by Lau et al. (2016) in a study that analyzes polycyclic
aromatic hydrocarbon (PAH) infrared emission.
Other observations of NGC 7027’s infrared emission have provided a greater understanding
of our universe, allowing the study of primordial molecules such as HeH+ (Neufeld et al., 2020;
Forrey et al., 2020). Studies such as these explore the transitional region of nebular material,
where fully ionized He and neutral He gas meet. A deeper analysis on the nebula’s molecule
rich gas was carried out through observations of radio emission, providing the ability to map
the fast jets and outflows of NGC 7027 with observations of CO+ and HCO+ emission lines
(Nakashima et al., 2010; Bublitz, 2020).
1. Introduction
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(NGC 6302: Cycle 27)
(NGC 7027:
Cycle 27)

Hb 5
0.5 pc

0.5 pc

NGC 6537

NGC 6445

NGC 2440

NGC 2818

0.5 pc

0.5 pc

NGC 2899

0.5 pc
0.5 pc

Figure 2: Color composites of nearby, well-resolved bipolar PNe displayed, from L to R and
top to bottom, as a sequence of increasing physical (linear) size; note fiducial 0.5 pc marker in
each frame (J. Kastner, private communication). Caveat: distances to Hb 5, NGC 2440, NGC
6537, NGC 2818 have estimated uncertainies of 20% (Frew et al., 2013). Cycle 27 HST/WFC3
images of NGC 7027 (dynamical age of 1100 yrs) and NGC 6302 (2000 yrs) are inserted in
their appropriate (relative linear size) positions, for comparison (Kastner et al., 2020). Images
of Hb 5 (dynamical age of 1500 yrs), NGC 6537 (3000 yrs), NGC 2440 (7000 yrs), and NGC
2818 (10000 yrs) were obtained by HST/WFPC2. Image of NGC 6445 (2500 yrs) is from the
NOT (Fang et al., 2018); image of NGC 2899 (19000 yrs) was obtained by VLT/FORS. All
nebular dynamical ages were estimated by Frew et al. (2013).

Nakashima et al. (2010) suggested that NGC 7027 could evolve to become a bipolar PNe,
alluding to the idea that this PN could be a link between proto-PNe and larger PNe. Given
the strength of the youngest outflow, this is very plausible. Fig. 2 displays 8 PNe in order
of increasing relative linear size, ranging from 0.1-1.8 pc. The PNe that are displayed in
this figure were selected for having similar bipolar morphologies, large molecular masses, and
progenitor masses that lie in the range ∼4-8 M

for purposes of inferring an evolutionary

sequence. The dynamical ages of these PNe range from 1100-19000 yrs and lie at distances
≤2 kpc. In addition, the older PNe in Fig. 2 have central regions that appear similar in size
and shape to NGC 7027 (belt, and jets branching from a dense region) which indicates that
investigating NGC 7027 could also help to explain these remnant structures in older, bipolar
nebulae.
4
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Motivation
The potential of HST’s WFC3 to obtain a comprehensive set of emission-line images –

from near-UV through optical to near-IR – had yet to be exploited for any PN. NGC 7027 was
selected for one of two such comprehensive HST/WFC3 emission line studies because it is one
of the youngest and most rapidly evolving PNe (Kastner et al., 2020). The objective of this
investigation is to acquire an understanding of the shaping processes that have taken place
in NGC 7027. By analyzing the extinction and structures of this nebula as well as probing
various ionization mechanisms, we can gather valuable insight on the evolution of NGC 7027
and the early stages of PNe. Details on data observations are reviewed in §2. Results and
analysis are presented in §3, while the answers to these broader questions are discussed in §4.
§5 describes all finishing remarks and future work.

1. Introduction
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Figure 3: A diagram of the light path through HST/WFC3 (NASA & STSci, 2019). Left
panel, shows the position of WFC3 in HST relative to the other instruments on board. Right
panel, follows the light path as it enters the WFC3 instrument from the optical telescope
assembly (OTA) and a channel mirror redirects it to either the UV CCD or the IR HgCdTe
array detector (MacKenty et al., 2010).

The Hubble Space Telescope (HST) was launched in 1990. Corrective optics, to account
for the primary mirror’s spherical aberration, have been required in every camera installed
during servicing missions. In 2009, Hubble’s Wide Field Camera 3 (WFC3) was installed.
With its higher resolution and panchromatic view (200-1700nm), WFC3 was able to increase
Hubble’s observing capabilities in ultraviolet, visible, and infrared wavelengths. As outlined
in the left panel of Fig. 3, WFC3 is located beside HST’s primary mirror, near one of its three
Fine Guidance Sensors (FGSs) (NASA & STSci, 2019). As light enters WFC3, it is directed
into either the Ultraviolet-Visible (UVIS) channel or the Near-Infrared (NIR) channel; this
is displayed in more detail in the right panel of Fig. 3 (MacKenty et al., 2010). The UVIS
channel provides a field of view of 2.70 x 2.70 using CCDs with a resolution of 0.0400 per pixel,
and the NIR channel uses a HgCdTe array with field of view of 2.270 x 2.270 and resolution of
0.1300 per pixel.
Table 1 summarizes the WFC3 filters used to obtain images for NGC 7027 as well as
the targeted emission line, the date the image was taken, and the exposure time of each
image obtained during HST Cycle 27 in 2019 September (Kastner et al., 2020). Fig. 4
displays the system throughput for WFC3 UVIS and IR filters obtained from the WFC3
Instrument Handbook (Dressel 2021; https://hst-docs.stsci.edu/wfc3ihb). The UVIS images
6

Figure 4: The system throughput for WFC3 narrow and wide filters (see WFC3 Instrument
Handbook; https://hst-docs.stsci.edu/wfc3ihb). The top left panel shows the throughput for
IR narrow filters F128N, F130N, F164N, and F167N. The top middle panel, shows the throughput for UVIS filters F656N and F673N. The throughput for IR wide filters F160W and F110W
are displayed in the top right and bottom right panels, respectively. The bottom middle panel,
shows the throughput for UVIS filters F343N, F487N, and F502N with the remaining UVIS
filter used in this work, FQ243N, displayed in the bottom left panel. More details about these
filters, such as the wavelength, bandwidth, and targeted emission line can be found in Table
1.

were obtained in 2-point GAP-LINE dither mode (DITHER-LINE for quad filter FQ243N),
and the IR images were obtained in 2-point DITHERBLOB dither mode. UVIS and IR images
were obtained at an orientation of –16.9◦ and –17.2◦ east of north, respectively.
Additional post-pipeline processing was performed using the DrizzlePac package software
(Gonzaga et al. 2012; https://drizzlepac.readthedocs.io/en/latest/index.html). Fine image
registration was accomplished by aligning the World Coordinate System of the F160W image
using the Gaia catalog as a reference with the tweakreg module. Every subsequent image was
aligned using the F160W image as a reference with the same process. This calibration also
included geometric distortion corrections and additional cosmic-ray correction. The dithered
exposures of each long exposure image were then merged using the astrodrizzle module.
This process was implemented to correct for any misalignment that remained after the initial
pass through HST’s image reduction pipeline.
2. Observations
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Figure 5: A comparison between the raw saturated F502N ([O iii]) long exposure image (left)
and the grafted image F502N using the short exposure F502N image (right). The green box
indicates where the grafting process was confined.
Signs of saturation were present in the F502N long exposure image and discovered in the
F656N long exposure image after closer inspection. To correct this, pixels were grafted from
the short exposure images of these filters after ensuring alignment between long and short
exposure images, the results of which are presented for F502N in Fig. 5. Long-exposure pixels
that exceeded the saturation threshold of 65,000 counts (see WFC3 Instrument Handbook;
Dressel 2021) were replaced with short-exposure image pixels. The grafting procedure was
confined within 000 to –1000 (RA) and 000 to 1000 (dec) with respect to the central star of the
planetary nebula (CSPN), since this appeared to be the only affected area of both images.

8

Table 1: HST/WFC3 Imaging Survey of NGC 7027: Observation Summary
Filter

λ0 (∆λ)a
(nm)

line targeted

date

exp.
(s)

FQ243N
F343N
F487N
F502N
F656N
F673N
F110W
F128N
F130N
F160W
F164N
F167N

246.8 (3.6)
343.5 (25.0)
487.1 (6.0)
501.0 (6.5)
656.1 (1.8)
676.6 (11.8)
1153.4 (443.0)
1283.2 (15.9)
1300.6 (15.6)
1536.9 (268.3)
1640.4 (20.9)
1664.2 (21.0)

[Ne iv] λ2425
[Ne v] λ3426b
Hβ λ4861c
[O iii] λλ4959, 5007
Hα λ6563c
[S ii] λλ6716, 6730
“YJ band”
Paβ 1.28 µm
Paβ continuum
“H band”
[Fe ii] 1.64 µm
[Fe ii] continuum

2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30
2019-09-30

1140
1140
1130
1000, 30d
1130, 30d
1260
556
506
506
456
1306
1306

Notes: a) Filter pivot wavelength and bandwidth. b) Potential contamination from O iii
λ3312, λ3341, and λ3444 (Zhang et al., 2005). c) Potential contamination from He ii λ4859
and λ6560, respectively (Zhang et al., 2005). d) Short exposure images used for saturation
correction.
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Results and Analysis
Fig. 6 presents the suite of HST/WFC3 NGC 7027 images ranging from 246.8 nm to

1664.2 nm. These images show a change in morphology as the filter waveband changes. The
near-UV images in lines of highly ionized neon display dusty structures at the point-symmetric
jets and a bright region just to the NW of the nebula’s waist. The two brightest images are
F502N ([Oiii]) and F656N (Hα), tracing ring-like structures, likely dust-scattered emission
surrounding the nebula (Guerrero et al., 2020). The lower energy emission images (near-IR)
appear to penetrate through dusty regions and outline the inner elliptical region of the nebula.
The structures observed in these images will be further discussed in the following sections.

3.1

H Recombination Lines
Extinction maps obtained from H recombination lines are a commonly used means to study

the distribution of dust within PNe (Rauber et al., 2014; Kastner et al., 2002). Assuming a
temperature of 104 K and an electron density of 104 cm−3 , the intrinsic relative intensities
for Hα/Hβ and Paβ/Hβ are 2.85 and 0.162, respectively (see, e.g., Table 4.4 in Osterbrock
(1989)). Because red and near-IR photons (Hα, Paβ) penetrate dust more easily than blue
photons (Hβ), measured ratios that are larger than these theoretically determined intrinsic
ratios would imply that extinction is present in these images, likely due to intervening dust,
either within the nebula or in the interstellar medium (ISM) along the line of sight. The line
ratio images for Hα/Hβ and Paβ/Hβ are displayed in the top panels of Fig. 7. It is important
to point out that in the less dusty outer regions of the nebula, the Paβ/Hβ appears to have
lower values than Hα/Hβ by a factor of ∼4, suggesting that Paβ/Hβ may provide a more
accurate estimate of the extinction that occurs at the Hβ wavelength.
The c(Hβ) parameter is a log-based measure of the extinction at Hβ and can be used as
a way of estimating how much light is lost at the Hβ wavelength by comparing intrinsic line
flux, which can be calculated assuming density and temperature, and the observed line flux of
10
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F487N, H𝛽

F656N, H𝛼

F128N, Pa𝛽

Figure 6: Suite of HST/WFC3 images taken for NGC 7027. North is towards the top of the
page and East is left. The field of view in each image is 30" x 30".
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H𝛼/H𝛽

Pa𝛽/H𝛽

c(H𝛽), H𝛼/H𝛽

c(H𝛽), Pa𝛽/H𝛽

Figure 7: Top panels are the Hα/Hβ (left) and Paβ/Hβ (right) extinction maps. The lower
limit on these images is fixed at 2.86 and 0.16, respectively, to display only where extinction is
present. The bottom panels are c(Hβ) calculated using Hα/Hβ (left) and Paβ/Hβ (right).The
field of view in each image is 30" x 30".
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a nebula. For an arbitrary wavelength λ, the relation for c(Hβ) is defined as
Fintrinsic = 10c(λ)f (λ) Fobserved

(3.1)

where c(λ) is the reddening constant and f (λ) is a reddening law (Groves et al., 2002). A
reddening law estimates the interstellar reddening present at wavelength λ under the assumption that Aλ = Rλ E(B − V ), such that Rλ is used to convert a reddening measurement to
extinction at a given wavelength. In this case, the Cardelli et al. (1989) reddening law was
applied with a value for Rλ of 3.1 for the interstellar medium. The previous equation can
be rearranged to solve for the reddening constant at Hβ using relative intensities mentioned
previously, such that
c(Hβ) =

log(Iint /Iobs )
f (λ) − f (Hβ)

(3.2)

where Iint is the intrinsic relative intensity for Hα/Hβ or Paβ/Hβ, and Iobs is one of the line
ratio measurements for either Hα/Hβ or Paβ/Hβ. Although this typically applies to single
measurements, here (as in, e.g., Kastner et al. 2002 and Rauber et al. 2014) it is generalized to
line ratio maps to take advantage of the high resolution oft the WFC3 images. The resulting
images are shown in the bottom panels of Fig. 7. Ideally, if the Rλ value used is correct, both
c(Hβ) image values should be the same regardless of which line ratio map was used to derive
it. The c(Hβ) images are identical in morphology, with the difference in values between these
two images being largest within the nebula’s waist and dusty regions in the eastern region of
the north lobe.

A further analysis of these c(Hβ) images was done by creating a ratio image to compare
values across the nebula; two such comparisons, for alternative values of Rλ , are shown in Fig.
8. While both c(Hβ) images for Rλ =3.1 agree in the inner nebular regions with ratio values
∼1, the outer regions of the nebula (i.e. jets and disrupted spirals) display higher ratio values.
Because these images have a dependence on the assumed reddening law (eqn. 3.2), and hence
Rλ , which is essentially a function of grain size, this disagreement points to the possibility of
a varying grain size across the nebula. This also implies that a value for Rλ of 3.1 does not
3. Results and Analysis
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Comparing c(H-beta) images for R = 3.1: H-alpha / Pa-beta
700

1.2
1.1

600

1.0

500

0.9

400

700

1.2
1.1

600

1.0

500

0.9

400
0.8

300

0.7

200
100
0

Comparing c(H-beta) images for R = 4.1: H-alpha / Pa-beta
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0.6
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Figure 8: These images directly compare the c(Hβ) images derived from Hα/Hβ or Paβ/Hβ
for Rλ =3.1 (left) and Rλ =4.1 (right). In both of these images, values of 1 correspond to
a correct prediction of Rλ in a given region of the nebula. For this rough comparison, axes
correspond to the pixel size of each image c(Hβ).

provide a consistent extinction correction across the nebula.
This analysis was repeated for the Cardelli extinction law with a modification of Rλ =4.1
as a more accurate extinction calculation for for PNe surrounded by molecular gas suggested
by Greve (2010) (and references therein). The ratio image for Rλ =4.1 points to an accurate
calculation of extinction for smaller regions of the nebula, primarily in the dusty ripples of
the N lobe and around the nebula’s belt. However, for the outer regions of the nebula, the
disagreement between c(Hβ) images becomes more apparent. There appears to be a preference
for a lower value of Rλ as one moves towards the outer regions of the nebula, indicating that
the inner regions of the nebula contain material of smaller grain size than the material being
blown outward in jets or disrupted spirals. However, if the outer regions (rings/spirals) are
dominated by scattering, then the c(Hβ) values could be misleading here.
This observation agrees with the idea that nebular material that is closer to the central
star (CS) would be smaller in grain size due to the rapid ionization of this material as the
final stages of the AGB phase are reached and the core is rapidly exposed (Chen et al., 2020).
Furthermore, dust grain erosion and destruction can occur due to grain-grain interaction in
swept up dust from strong shocks and UV irradiation (Aoyama et al., 2018; Zhukovska et al.,
2008; Jones & Nuth, 2011).
14

3.1. H Recombination Lines

3.2. High and Low Excitation Lines

H𝛼

[O III]/H𝛼

10
1

erg/cm2/s

100

0.1
0.01

[S II]/H𝛼

[Fe II], F164N/F167N

Figure 9: Line ratio images of NGC 7027. Displayed in this panel of images is [Oiii]/Hα
(F502N/F656N; top right), [Sii]/Hα (F673N/F656N; bottom left), and [Feii] (F164N/F167N;
bottom right). The Hα (F656N) image is displayed on the top left panel for reference.
In §3.4.2, these c(Hβ) images are used to perform an extinction correction for both [Oiii]
and [Nev] images.

3.2

High and Low Excitation Lines
Fig. 9 presents a series of line ratio images for the high excitation forbidden line, [O

iii], and low excitation forbidden lines, [S ii], with respect to the Hα recombination line.
The [Feii] 1.64 µm, low excitation forbidden line, ratio image is shown with respect to 1.67
µm continuum, which likely traces ionized H due to free-free emission. [O iii]/Hα has gone
through the extinction correction process described in §3.4.2 to avoid dust signatures in the
ratio image. The same process was not necessary for [S ii]/Hα because of the close proximity
3. Results and Analysis
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between [S ii] (0.676µm) and Hα (0.656µm) emission lines.
As observed in Fig. 10, [Fe ii] emission nestles nicely inside [S ii] emission. The spatial
distribution between these two emission lines could aid in constraining the density of the NW
and SE regions. In a study on a largely collisional nebula, Contini et al. (2009) (and references
therein) point out that [Fe ii] emission should dominate over Fe ii permitted lines if the gas
density of a nebula falls between 102 −104 cm−3 , and both [Fe ii] and Feii lines should be
visible if the gas density is between 106 −108 cm−3 . Similarly, [Sii] lines constrain the gas
density to be <104 cm−3 (Acker & Jaschek, 1995). Since NGC 7027’s full optical spectra
in Zhang et al. (2005) displays fairly weak Fe ii and S ii lines compared to their forbidden
emission counterparts, an inference can be made for a nebular density of <104 cm−3 in the
NW and SE structures. However, these constraints also suggest that the gas where [Fe ii]
emission lies could have a higher density than regions where [S ii] emission is observed, since
regions of [S ii] emission are bound to a density <104 cm−3 , but regions of [Fe ii] emission
can reach densities of ∼105 cm−3 without having visible Fe ii lines. All of this indicates that
the bright features in [Fe ii] and [S ii]/Hα images could be strong evidence for low ionization
shocks in the nebular material.
Fig. 11 presents a series of line ratio images obtained through high excitation forbidden
lines, [O iii], [Ne v], [Ne iv] with respect to each other and the Hβ recombination line. Due to
the high ionization energy (35.1 eV) required for [O iii] emission, [O iii]/Hβ indicates where
O+ and H is present for ionization to occur due to UV radiation from the star. Inside of the
region of high [O iii]/Hβ, closer to the star, the O may already be more highly ionized (O+2 ,
O+3 , etc) by photons with energies >35.1 eV. The extinction corrected [O iii]/Hα ratio line
image in Fig. 9 shows similar results. Both images contain a structure that closely follows
the shocked regions that are visible in both [Fe ii] and [S ii] emission. This suggests that the
same collimated jet or shock mechanism that caused [Fe ii] and [S ii] emission in the NW
structure could be contributing to ionization of O+ and, hence, to [O iii] emission. On the
other hand, [Ne v]/Hβ points out strong UV radiation within the inner regions of the nebula.
[Ne v]/[Ne iv] provides a map of ionizing radiation. In this image, the dark edges around the
16
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Figure 10: Three-color composite of NGC 7027. Red is F656N/F487N (Hα/Hβ), green is
F673N/F656N ([Sii]/Hα), and blue is F164N/F167N ([Feii]).
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[Ne V]/[Ne IV]

[Ne V]/H𝛽
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erg/cm2/s

100
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0.1

[O III]/[Ne V]

[O III]/H𝛽

Figure 11: Line ratio images of NGC 7027. Displayed in this panel of images is [Nev]/[Neiv]
(F343N/FQ243N; top left), [Nev]/Hβ (F343N/F487N; top right), [Oiii]/[Nev] (F502N/F343N;
bottom left), and [Oiii]/Hβ (F502N/F487N; bottom right).

nebula’s waist correspond to regions where extinction maps reveal large amounts of dust (see
Fig. 7). This implies that this image could perhaps allow the indirect study of scattering of the
ionization radiation, especially in the outer regions of the point-symmetric structures. This is
largely because scattering is more efficient at smaller wavelengths, and the UV photons can
escape through the low-extinction “holes” formed by the blowouts seen in shocks. However,
there is a possibility that the [Ne v] emission traces X-ray emitting shocks. A more in depth
analysis of this could be performed in future work.
[O iii]/[Ne v] provides a direct comparison between photoionization due to high energy
photons and lower energy photons. The energy required for [O iii] and [Ne v] ionization levels
are 35.1 eV and 97.1 eV, respectively. With both of these values being much higher than the
18
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ionization energy required for [Fe ii] and [S ii], the implication is that [O iii] and [Ne v] is
largely due to photoionization caused by the UV radiation of the nebula’s CS. This would
explain the location of [O iii] emission with respect to [Ne v] emission observed by the dark
and bright regions of the nebula in the bottom left panel of Fig. 11. Since photons with
energies >97.1 eV would be absorbed closer to the nebula to ionize Ne+3 , producing [Ne v]
emission. The remaining photons with energies <97.1 eV but ≥35.1 eV generate [O iii] outside
of the [Ne v] regions. However, one cannot ignore the emission that overlaps shocked regions,
suggesting that photoionization effects could be boosted by shock mechanisms occurring within
the nebula.

3.3

Line Ratio Diagnostics
Excitation diagnostics diagrams are often produced for nebulae as a way to classify the

emission lines of various types of celestial objects and astrophysical environments. Excitation
diagnostic diagrams consisting of [O iii]/Hα and [S ii]Hα have been used as a way to classify
PNe and their regions as either primarily due to photoionization or shock-ionization (Danehkar
et al. (2018); and references therein).
Following the work done by Danehkar et al. (2018), an excitation diagnostic was performed
for NGC 7027 in its entirety using the [O iii]/Hα and [S ii]Hα line ratio images described
in §3.2. A histogram was produced for ∼662,152 pixels in both line ratio images for an
area that covers 30" x 30", the results of which can be seen in the left panel of Fig. 12.
A dividing line was overlaid on the histogram to distinguish between pixels that belong to
photoionized regions and fast low-ionization structures (LISs, or shocked material). Danehkar
et al. (2018) defined this nebular photon-shock dividing line to be parallel to a classification line
that differentiates between Seyfert and low-ionization nuclear emission-line region (LINER)
galaxies. This classification line is defined as 1.89 log([S II]/Hα) + 0.76 = log([O III]/Hβ)
in Kewley et al. (2006). The definition was modified to agree with diagnostic diagrams for
axisymmetric simulations of fast LISs and observations of photoionized gas (Raga et al., 2008).
3. Results and Analysis
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1.89 log([S II]/Hα) + 2.0 = log([O III]/Hα)

(3.3)

The definition of this nebular photon-shock dividing line was adopted in this work as an
estimate for where fast LISs and photoionized regions would lie in NGC 7027. The mean flux
for both ratio line images, [O iii]/Hα = 4.58 ± 0.29 and [S ii]/Hα = 0.0840 ± 0.0009, was
denoted with ‘x’ on Fig. 12. The excitation diagram was then used to o classify each pixel
and then to color code an H-alpha intensity image of the nebula. The result is shown in the
right panel of Fig. 12, where blue represents the photoionized regions and red represents the
fast LISs. It is immediately evident that the results of this diagnostic agrees with the location
of shock-ionized regions where [Fe ii] and [S ii] emission is present in NGC 7027. As discussed
in §3.2, [Fe ii] and [S ii] emission lines are good indicators for shocked regions because of the
low energy required to reach these ionization levels. The diagnostic diagram also confirms an
earlier discussion that considered [O iii] emission to be boosted by shock-ionization in the NW
region of the nebula. These results also suggest that [S ii] emission in the NW and SE regions
could similarly be due to photoionization driven by the CS and shocks caused by collimated
jets.

3.4

Measurement and Correction of Extinction in NGC 7027

3.4.1

Measuring Extinction of CS

In order to understand the initial and present masses for NGC 7027’s CS and learn more
about its evolutionary state, a comparison of its effective temperature Tef f and luminosity
L must be made with models that predict these CSPN properties as a function of mass and
PN age (Miller Bertolami, 2016). To begin this process, measurements of the CS flux were
made for 9 HST/WFC3 images for filters spanning a wavelength range from 0.3435 µm to
1.6677 µm. An example of the background subtraction performed is shown in the top left
panel of Fig. 13. The flux at each wavelength was then computed using
S∗ pν ν = νFν
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[S II]/H𝛼
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[O III]/H𝛼

Figure 12: Left panel, an excitation diagram that differentiates [O iii] and [S ii] emission
between fast LISs and photoionization. The color bar indicates the amount of pixels in a
given area, and the mean flux for both line ratios is indicated by ‘x’. Right panel, NGC 7027’s
Hα image is mapped with blue and red pixels representing photoionization and fast LISs,
respectively.
where S∗ is the CS background-subtracted e− counts per second, pν is the inverse sensitivity
of a given filter (Jy sec/e− ), and ν = c/λ, where λ is the effective wavelength of the filter
passband.
A spectral energy distribution (SED) was made to compare the magnitudes for 9 different
wavelengths with a Tübingen NLTE Model-Atmosphere for a WD of 200 kK, under the assumption that the NGC 7027 CS is a WD of 198 kK (Latter et al. (2000)). A pure H model
with log(g) = 7.0 was selected for simplicity. The bottom left panel of Fig 13 displays results
for uncorrected flux values.
The reddening factor Av was measured using the flux in units of magnitude in order to
avoid underestimation. The magnitude for each HST filter was calculated using the equation
νFν = 10−ma /2.5 ∗ Fa,0 ∗ 10−23 ∗ (c/λ)

(3.5)

where a is any given waveband, ma is the magnitude of waveband a, and λ is the pivot
wavelength of waveband a. The initial extinction at each wavelength was estimated using
Table 3 from Cardelli et al. (1989), where Rλ =3.1, with an assumed extinction in V-band of
3. Results and Analysis
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0.01
NGC 7027 CS: 200,00 K model atm., pure H WD, log(g) = 7.0

1.0

0.1

1.0

10

NGC 7027 CS: 200,00 K model atm., pure H WD, log(g) = 7.0

1.0

Figure 13: Steps in the calculation of extinction toward the CS of NGC 7027. The top left
panel is an example of how the flux was measured for the CS in each HST/WFC3 image using
DS9, where the counts/sec of the nebula (purple) was averaged and subtracted from the CS
(green) using an area of 0.2672 arcsec2 . The two bottom panels show the CS’s integrated
flux compared to a 200 kK pure H, WD model atmosphere for log(g) = 7.0 before (left) and
after (right) the flux was corrected for extinction. The top right panel compares CS extinction
corrected flux points and WD model atmosphere to a 198 kK blabkbody (Latter et al. (2000).
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Av = 1.0. The best-fit extinction value was determined through a χ2 minimization process to
be Av = 2.64±0.15 mag. Results for the extinction corrected flux are shown in the bottom right
panel of Fig. 13. In the top right panel of Fig. 13, extinction corrected results are overlaid
with a 198 kK blackbody, as suggested by Latter et al. (2000), for comparison. Since the
extinction correction results for the CS agree with the 198 kK blackbody approximation, the
blackbody model was used to approximate the total flux of the CS for luminosity calculations.
The total bolometric luminosity obtained for the CS of NGC 7027 is ∼ 5×103 L which agrees
well with previous results, all falling within ∼ 103 − 104 L

(Beintema et al., 1996; Masson,

1989; Moseley, 1980).
The extinction value for the CS was compared to c(Hβ) values of the central region of
the nebula in the maps presented in §3.1. Using the relation Av = Rv ∗ E(B − V ), where
E(B − V )=c(Hβ)/1.45 and Rv =3.1, we find that an extinction of Av = 2.64 mag corresponds
to a c(Hβ) value of ∼1.23. This value falls into the upper range of c(Hβ) values for the region
surrounding the CS in both c(Hβ) maps (∼ 0.8 − 1.25). This suggests that for purposes of
studying NGC 7027 CSPN properties, Rλ =3.1 is a reasonable approximation to use, further
confirming our luminosity and extinction calculations above. These results also allow us to
confirm the assumptions that have been made regarding the CS properties and, hence, that
photoionization in NGC 7027 is driven by CS UV radiation.

3.4.2

Correcting [Ne v] and [O iii] Images for Extinction

The c(Hβ) images obtained from the H recombination line images (§3.1) in principle
provide a means to correct the extinction from the HST/WFC3 suite images. This correction
was performed, initially, on [Ne v] and [O iii] images using c(Hβ) images as a starting point
(much like Av =1.0 in §3.4.1) for extinction calculations at 0.343 µm ([Ne v]) and 0.501 µm
([O iii]). The relation between c(Hβ) and E(B–V) is described by Howarth (1983) as c(λ) =
0.4(R + 0.53)E(B − V ). For Rλ =3.1 and Rλ =4.1, this relation becomes c(λ) = 1.45E(B − V )
and c(λ) = 1.85E(B − V ), respectively. Using the reddening law from Cardelli et al. (1989),
the extinction at a given wavelength is defined as Aλ = f (λ)Rλ E(B-V). The flux of the [Nev]
3. Results and Analysis
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Corrected Image (H𝛼/H𝛽) R=3.1

Corrected Image (H𝛼/H𝛽) R=4.1

Corrected Image (Pa𝛽/H𝛽) R=3.1

Corrected Image (Pa𝛽/H𝛽) R=4.1

Figure 14: [Ne v] extinction corrected images. The top panels display the extinction corrected images using c(Hβ) images dericed from Hα/Hβ (left) and Paβ/Hβ (right) for Rλ =3.1.
The bottom panels display the same extinction corrected images but for Rλ =4.1. For these
preliminary results, the axes correspond to pixel size.
and [Oiii] images was corrected using the well-known relation between observed magnitude
and flux
mobs = mint + Aλ = −2.5 log(Fλ /Fλ,0 )

(3.6)

and a conversion of counts per second of each image to Fλ using the equation
Fλ = S t pν (ν/λ) (10−23 erg/Janksy)

(3.7)

where S is counts per second, t is the exposure time, pν is the inverse sensitivity of a given
filter (Jy sec/e− ), and ν = c/λ, where λ is the effective wavelength of the filter passband.
The extinction correction for [Ne v] and [O iii] was performed using c(Hβ) images derived
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Corrected Image (H𝛼/H𝛽) R=3.1

Corrected Image (H𝛼/H𝛽) R=4.1

Corrected Image (Pa𝛽/H𝛽) R=3.1

Corrected Image (Pa𝛽/H𝛽) R=4.1

Figure 15: [O iii] extinction corrected images. The top panels display the extinction corrected images using c(Hβ) images dericed from Hα/Hβ (left) and Paβ/Hβ (right) for Rλ =3.1.
The bottom panels display the same extinction corrected images but for Rλ =4.1. For these
preliminary results, the axes correspond to pixel size.
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from both Hα/Hβ and Paβ/Hβ line ratio maps, using Rλ =3.1 and Rλ =4.1, resulting in four
corrected images for each raw line image. The images in Figures 14 and 15 show results
of the extinction corrections performed for [Ne v] and [O iii], respectively. While there is
no significant difference between results for both Rλ values that were used, the c(Hβ) images
provided differences in extinction calculation for both [Ne v] and [O iii] images. For [Ne v], the
c(Hβ) image derived from Hα/Hβ produced traces of slight overcorrection within the nebula’s
left dusty region and a possible undercorrection near the nebula’s waist. This becomes more
obvious when comparing results generated using the c(Hβ) image derived from the Paβ/Hβ
image. Undercorrection in the nebula’s waist caused by the Hα/Hβ image is also visible in [O
iii] results. This suggests that Paβ/Hβ provides a more accurate correction, likely due to the
Paβ emission line’s ability to penetrate dusty regions much better than the Hα emission line.
By comparing the extinction corrected image and raw HST/WFC3 [Ne v] image (see Fig.
6), we can see exactly how much the bright UV emission was being obscured by the nebular
material. After defining the extinction corrected images produced using Paβ/Hβ and Rλ =3.1,
a new line ratio image was made for [O iii]/[Ne v]. Fig 16 compares the line ratio images,
where the extincted ratio image is on the left and the extinction corrected ratio image is on
the right. The extinction correction brings out the shocked regions that are visible in both [Fe
ii] and [S ii] emission, indicating a successful correction. In addition, there is drastic difference
in the range of values of both line ratio images. The uncorrected image shows a peak ratio
value of 90 while the corrected image has a peak ratio value of 15. This new results will be
compared with the predictions of photoionization models in future work.
A more detailed analysis of this extinction corrected image can be found in §3.2. The
extinction correction process was also performed on [Ne iv], Hα, and Hβ for line ratio images
in Fig. 11.
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[O III]/[Ne V] Extinction Corrected

dec offset [arcsec]

[O III]/[Ne V] Original

RA offset [arcsec]

Figure 16: Comparison between [O iii]/[Ne v] line ratio images before extinction correction
(left) and after extinction correction (right). Fields of view for each image is 30" x 30".
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As was briefly discussed in §1.2, previous studies of near-IR and radio emissions of NGC

7027 have allowed the identification of outflows and jets of the nebula (Cox et al., 2002;
Nakashima et al., 2010; Bublitz, 2020). The analysis of H2 velocity channel maps performed
by Cox et al. (2002) led to the detection of cavities in the nebular material which suggested
multiple point-symmetric outflows were present and provided an upper limit for the age of
these outflows. A subsequent analysis of Brγ velocity channel maps, carried out by the same
group, provided strong evidence that indicated the location of the youngest outflow. This
was confirmed by the presence of X-ray emission in the same region, indicating a fast stellar
wind that is still active as the source (Kastner et al., 2001; Montez & Kastner, 2018). A
recent investigation by Bublitz (2020) analyzed the redshifted and blueshifted HCO+ velocity
channel maps of NGC 7027, producing an image that traces its outflows and agrees with the
orientation suggested by earlier studies (Cox et al., 2002; Nakashima et al., 2010).
The results from §3.2 provide concrete evidence in accordance with these findings. [S
ii] and [Feii] emission in Figs. 9 and 10 map what is believed to be the most recent outflow,
outlining structures in the NW and SE regions of the nebula. The orientation of this outflow is
confirmed by the bright [S ii] and [Fe ii] emission observed in the NW lobe as opposed to the SE
lobe. Furthermore, the results of an [O iii]/Hα and [S ii]/Hα excitation diagnostic pinpoint
the location for strong shock structures to exist in these same regions (see Fig. 12). The
redshift and blueshift calculations that confirm the orientation of this outflow could explain
the presence of [O iii] emission observed in the NW lobe of the nebula (see Figs. 9 and 11),
suggesting that [O iii] emission may be present in the SE lobe but is not visible from our line
of sight. If the [O iii] NW structure is purely caused by UV radiation of the CS, this may also
provide evidence for a suggestion made by Nakashima et al. (2010) that the cavities in the
H2 envelope could be due to photodissociation of simple molecules (e.g., CO and H2 ), which
could in turn boost any present shocks.
All of this evidence points to NGC 7027 being the perfect grounds for studying the early
stages of PNe, when outflows are still young and active, as suggested by Fig. 2 which was
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discussed in §1.2. The thorough analysis of NGC 7027 detailed in this thesis and in future
works could potentially explain the proper motions and shaping mechanisms observed in older
nebulae that are observed within our solar neighborhood.
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Conclusions
The shaping of planetary nebulae is slowly unveiled through studies of young and evolving

nebulae such as NGC 7027. We have conducted an extensive analysis of the first-ever suite of
contemporaneous panchromatic HST/WFC3 images of NGC 7027 extending from near-UV to
near-IR.
• Extinction correction was performed successfully on [Ne v], [Ne iv], [O iii], Hα, and Hβ
images, facilitating analysis of the spatial distribution of H recombination and forbidden
emission lines within the nebula, resulting in extinction-corrected line ratio images and
line ratio diagnostics. The work done to accomplish this is outlined in §3.4.2 (see Figs.
14 and 15 for results).
• Line ratio images and line ratio diagnostic diagrams are used to discern between photoionization and shock-ionized regions as well as an analysis on forbidden emission lines
and the constraints they place on the gas densities in the shocked regions. The nebular
density is inferred to be <104 cm−3 in the NW and SE structures where [Fe ii] and [S ii]
emission is brightest (see Fig. 9). The photoionization effects that cause [Oiii] emission
could be boosted by shock mechanisms occurring within the nebula (see Fig. 11). The
line ratio diagnostic diagrams revealed regions dominated by shocks in the NW and SE
lobes of NGC 7027 (see Fig. 12). These results are detailed in §3.2 and 3.4.2.
• The extinction of NGC 7027’s central star in V-band is estimated to be 2.64 ± 0.15 mag
by making flux measurements at a range of wavelengths in §3.4.1. NGC 7027 has a
varying grain size across the nebula. Comparing c(Hβ) maps with differing values for
Rλ shows the possibility that dust grain size increases with distance, moving away from
the center of the nebula (see Fig. 8). However, it is important to point out that any
scattering occurring in ring/spiral structures could cause misleading c(Hβ) values. This
is further discussed in §3.1.
All of these results provide insight on the strength of NGC 7027’s outflows, confirming previous
assertions that NGC 7027 is among the youngest and most rapidly evolving PNe. Future
30

work for line ratio diagnostics includes performing an excitation diagnostic on the extinction
corrected [O iii]/Hα, and confirming results by comparing mapped regions for [O iii]/Hβ and
[S ii]/Hα. The extinction corrected [Ne iv]/[O iii] ratio line image will be used for direct
comparisons with PN photoionization models generated via codes such as CLOUDY (Ferland
et al., 1998). In addition, the expansion speed of jets and proper motions of NGC 7027 will
be quantitatively measured.
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